Sirtuins are a family of deacetylases that modify structural proteins, metabolic enzymes, and histones to change cellular protein localization and function. In mammals, there are seven sirtuins involved in processes like oxidative stress or metabolic homeostasis associated with aging, degeneration or cancer. We studied gene expression of sirtuins by qRT-PCR in human mural granulosa-lutein cells (hGL) from IVF patients in different infertility diagnostic groups and in oocyte donors (OD; control group). Study 1: sirtuins genes' expression levels and correlations with age and IVF parameters in women with no ovarian factor. We found significantly higher expression levels of SIRT1, SIRT2 and SIRT5 in patients ≥40 years old than in OD and in women between 27 and 39 years old with tubal or male factor, and no ovarian factor (NOF). Only SIRT2, SIRT5 and SIRT7 expression correlated with age. Study 2: sirtuin genes' expression in women poor responders (PR), endometriosis (EM) and polycystic ovarian syndrome. Compared to NOF controls, we found higher SIRT2 gene expression in all diagnostic groups while SIRT3, SIRT5, SIRT6 and SIRT7 expression were higher only in PR. Related to clinical parameters SIRT1, SIRT6 and SIRT7 correlate positively with FSH and LH doses administered in EM patients. The number of mature oocytes retrieved in PR is positively correlated with the expression levels of SIRT3, SIRT4 and SIRT5. These data suggest that cellular physiopathology in PR's follicle may be associated with cumulative DNA damage, indicating that further studies are necessary.
Introduction
Sirtuins (silent information regulator proteins) were initially defined as an evolutionarily conserved family of class III nicotinamide adenine dinucleotide+ (NAD+)-dependent histone deacetylases that can also have mono-ADP-ribosyltransferase activity [1, 2] . These enzymes cleave an acetyl group from acetyl-lysine residues in histones, although they can also act in nonhistone proteins, such us structural proteins, metabolic enzymes or transcriptional factors [1, 2] . However, recent studies demonstrate
Results

Descriptive Statistics and Clinical Variables
Significant differences in age distribution were found between OD (oocyte donors between 18 and 27 yo) and all other groups (p = 0.000) and between ≥40 yo (women ≥ 40 yo with tubal or male factor and no ovarian factor) and all other groups (p = 0.000). No age difference was observed between NOF (women between 27 and 39 yo with tubal or male factor and no ovarian factor), PCOS (polycystic ovarian syndrome), EM (endometriosis) and PR (women < 40 yo defined as poor responders) ( Table 1) . Results are expressed as mean ± standard error. Different lowercase letters (a, b, c and d) represent statistically significant different means. OD (oocyte donors between 18 and 27 yo), ≥40 yo (women ≥40 yo with tubal or male factor and no ovarian factor), NOF (women between 27 and 39 yo with tubal or male factor and no ovarian factor), EM (endometriosis), PR (women < 40 yo defined as poor responders) and PCOS (polycystic ovarian syndrome).
While agonist and antagonist protocols were differently represented between diagnostic groups, within each group there were no statistically significant differences in gene expression between the 2 protocols.
Regarding the amount of exogenous gonadotropins used for ovulation induction, PCOS, OD and NOF groups received significantly lower doses compared to EM, PR and ≥40 yo (p = 0.000). The number of total and mature oocytes retrieved varied between groups: significant differences are shown in Table 1 . No statistically significant differences in mean E2 peak value were observed among groups.
Sirtuin Gene Expression
Study 1: Sirtuin Gene Expression Level and Correlations with Age and IVF Parameters in Women with No Ovarian Factor
All sirtuin family members were expressed in human granulosa-lutein cells, Table 2 . SIRT1 and SIRT2 were the most expressed. SIRT3, SIRT5 and SIRT7 showed an intermediate expression and SIRT4 and SIRT6 the least expression.
Comparing expression between different IVF diagnostic groups gene expression was higher in ≥40 yo patients than in other groups for SIRT1 (OD: p = 0.008; NOF: p = 0.000), SIRT2 (OD: p = 0.000; NOF: p = 0.000) and SIRT5 (OD: p = 0.032; NOF: p = 0.014). With the exception of SIRT2 and SIRT7 the NOF group did not differ from the controls, Figure 1 .
Sirtuins and age-When all women with no ovarian factor (OD, NOF and ≥40 yo) were analyzed, we observed that only SIRT2, SIRT5 and SIRT7 expression correlated with age (r = 0.350, p < 0.01; r = 0.324, p < 0.05 and r = 303, p < 0.05) ( Figure 2 ).
Sirtuins and IVF parameters-When different groups were analyzed, no correlation was found between NOF or ≥40 yo with any IVF parameters. The ovum donor controls showed a negative correlation between SIRT2, SIRT3, SIRT4 and SIRT6 and administered gonadotrophin doses (p < 0.01) and a negative correlation between SIRT7 and FSH doses (p < 0.05). In addition, SIRT2, SIRT4, SIRT6, SIRT7 expression also correlated negatively with total treatment days (p < 0.05). Results were determined by qRT-PCR and are expressed as mean ± standard error. Different lowercase letters (a, b and c) represent statistically significant differences of the means in each study. Gene expression values are ×10 5 relative to β-actin expression. Sirtuins and age-When all women with no ovarian factor (OD, NOF and ≥40 yo) were analyzed, we observed that only SIRT2, SIRT5 and SIRT7 expression correlated with age (r = 0.350, p < 0.01; r = 0.324, p < 0.05 and r = 303, p < 0.05) ( Figure 2 ). Sirtuins and age-When all women with no ovarian factor (OD, NOF and ≥40 yo) were analyzed, we observed that only SIRT2, SIRT5 and SIRT7 expression correlated with age (r = 0.350, p < 0.01; r = 0.324, p < 0.05 and r = 303, p < 0.05) ( Figure 2 ). Sirtuins and IVF parameters-When different groups were analyzed, no correlation was found between NOF or ≥40 yo with any IVF parameters. The ovum donor controls showed a negative correlation between SIRT2, SIRT3, SIRT4 and SIRT6 and administered gonadotrophin doses (p < 0.01) and a negative correlation between SIRT7 and FSH doses (p < 0.05). In addition, SIRT2, SIRT4, SIRT6, SIRT7 expression also correlated negatively with total treatment days (p < 0.05).
Study 2: Correlations between Sirtuin Gene Expression and IVF Parameters in Women with Different Infertility Diagnosis compared to NOF.
Comparing expression between different groups (Table 2 ), no significant difference was observed in SIRT1 and SIRT4 gene expression level among any group. Expression levels of SIRT2 were statistically higher in EM (p = 0.000), PR (p = 0.000) and PCOS (p = 0.010) patients compared to NOF. However, PR present the higher expression level, statistically different from PCOS (p = 0.008), while EM has an intermediary value that did not differ from any other group, Figure 3 . SIRT3, SIRT5 and SIRT7 gene expression was statistically higher in PR than in NOF (p = 0.029; p = 0.011; p = 0.003). PCOS and EM present an intermedia expression value that did not differ from NOF or PR ( Figure 3 ). 
Study 2: Correlations between Sirtuin Gene Expression and IVF Parameters in Women with Different Infertility Diagnosis compared to NOF
Comparing expression between different groups ( Table 2 ), no significant difference was observed in SIRT1 and SIRT4 gene expression level among any group. Expression levels of SIRT2 were statistically higher in EM (p = 0.000), PR (p = 0.000) and PCOS (p = 0.010) patients compared to NOF. However, PR present the higher expression level, statistically different from PCOS (p = 0.008), while EM has an intermediary value that did not differ from any other group, Figure 3 . SIRT3, SIRT5 and SIRT7 gene expression was statistically higher in PR than in NOF (p = 0.029; p = 0.011; p = 0.003). PCOS and EM present an intermedia expression value that did not differ from NOF or PR ( Figure 3 ). SIRT6 expression was statistically higher in PR patients than in all other groups (NOF: p = 0.002; EM: p = 0.045; PCOS: p = 0.008) ( Figure 3 ).
SIRT6 expression was statistically higher in PR patients than in all other groups (NOF: p = 0.002; EM: p = 0.045; PCOS: p = 0.008) ( Figure 3 ). When different diagnostic groups were analyzed, we observed that in PR, ≥40 yo and PCOS groups no correlation was found between sirtuin gene expression and gonadotrophin doses. Only in EM patients did SIRT1, SIRT6 and SIRT7 correlate positively with FSH and LH doses administered. Interestingly, these correlations with SIRT6 and SIRT7 were opposite to those found in control OD.
With the exception of a negative correlation for SIRT4 in PCOS patients, no correlations were found between sirtuin expression and number of days of treatment in the analyzed groups.
There was a positive correlation between mitochondrial sirtuins and mature oocytes retrieved in PR patients. When different diagnostic groups were analyzed, we observed that in PR, ≥40 yo and PCOS groups no correlation was found between sirtuin gene expression and gonadotrophin doses. Only in EM patients did SIRT1, SIRT6 and SIRT7 correlate positively with FSH and LH doses administered. Interestingly, these correlations with SIRT6 and SIRT7 were opposite to those found in control OD.
Discussion
These Are Novel Findings Regarding the Possible Role of the Sirtuin Gene Family in Reproductive
There was a positive correlation between mitochondrial sirtuins and mature oocytes retrieved in PR patients.
Discussion
These Are Novel Findings Regarding the Possible Role of the Sirtuin Gene Family in Reproductive Failure
In view of their NAD+ dependence [51] , there may be a role for sirtuins in intrafollicular cell redox balance and antioxidant response.
This article reports the expression levels of the seven sirtuin genes presently known in post-ovarian stimulation and human chorionic gonadotrophin treated human hGL cells and establishes correlations among sirtuin gene expression and clinical status: age, clinical diagnosis, specific ovulation induction and response to treatment; Table 1 . Notably, the average estradiol level in the PR group is relatively elevated. We defined PR based on the Bologna criteria [52] , but excluding the advanced maternal age subjects, which represent a separate group in our study. The stimulation protocol was adjusted to furnish satisfactory serum estradiol levels prior to hCG injection. We used an antagonist protocol with high doses of LH and FSH based on the expected poor response and the high estradiol levels obtained in some patients probably reflect the high dose of LH used for ovulation induction. Interestingly, our group of poor responders does not include patients >40; the patients' age range is 28-39, which may have positively affected the ability of granulosa cells to produce estrogen. Our results are in agreement with the paper by Ku et al. [53] , which showed higher estradiol levels in patients treated with a combination of FSH and LH. However, Ku el al. used an ultralong protocol, which may be responsible for lower estradiol levels in their patients.
IVF patients with no ovarian factor (OD, NOF and ≥40 yo) showed a direct correlation between their hGL cell sirtuin 2, 5 and 7 gene expression and age. This could be a means of maintenance of energy homeostasis, glucose metabolism and reactive oxygen species detoxification, DNA repair and other cell repair mechanism that decrease with age and could result is poor response to ovarian stimulation and compromised oocytes [54, 55] .
The positive correlation of SIRT2 expression levels with age (p < 0.01) in women with no ovarian factor shows a pronounced increase at 40 years old, as shown in Figure 2 scatter plot. The expression levels of SIRT2 in the PR and EM groups of patients resemble those of ≥40 yo women, Table 2 . The higher expression levels of SIRT2 gene in women older than 40 yo than in the OD and NOF groups supports the hypothesis that SIRT2 expression increases most notably after forty years [56] [57] [58] , always within the age limits or our study.
Summary-Taken together, these findings imply a feedback loop that induces sirtuin 2, 5 and 7 expression with (ovarian) aging and in relation to disease states that foster the presence of reactive oxygen species in or around the ovary. However, these descriptive studies were not designed to test such relationships.
These Findings Have Implications for Ovarian Aging.
Fertility decreases from age 35 and reaches a clinically perilous point in most women by age 40. In our study, SIRT1 gene expression levels were higher in women older than 40 yo than in OD and NOF patients (Figure 1 ). These data are in agreement with those of Di Emidio et al. [30] , who reported higher levels of SIRT1 mRNA in aged mouse oocytes and a decreased ability to react to H 2 O 2 addition as a sign of increased oxidative stress (OS). This coincides well with the increase of SIRT1 expression in response to age dependent OS. A direct correlation between aging and OS increase has been reported with aging-related decay of fertility [59] , and our laboratory reported an increased expression levels of the oxidative stress response gene ALDH3A2 in granulosa-lutein cells that is related to age and infertility diagnosis [60, 61] .
SIRT5 gene expression level is significantly higher in ≥40 yo than in OD and NOF (p = 0.045 and p = 0.010, respectively). SIRT5, localized in the mitochondrial matrix, regulates mitochondrial activity and function [62] by succinylating [63] or acetylating proteins such as cytochrome C, which is pivotal in oxidative metabolism and the apoptosis processes [36] .
These studies closely link sirtuins to the aging ovary. The increase in expression of SIRT5 gene in women older than 40 years old could represent a feedback loop that is related to the presence of oxidative species.
Other studies of the sirtuin family and the ovary-There have been other studies of SIRT5 in human granulosa-lutein cells. Pacella-Ince et al. [40] reported a lower gene expression level in women of advanced maternal age and reduced ovarian reserve compared to younger women, which is apparently opposite to our results. However, in the article by Pacella-Ince et al., the patients' distributions within each age group include no ovarian factor women as well as different infertility diagnoses. Furthermore, the different infertility diagnoses are not represented in all groups and percentages among them are notably variable; as a result, the amount of SIRT5 gene expression given is not specific for age, but just an average of the combined groups [40] .
While convincing of differences in mural hGL cells, these findings do not reveal sirtuin family expression in the cumulus cells that are directly in apposition to the oocyte/embryo. We have shown that there are important biochemical differences between mural and cumulus cells [64, 65] . Additionally, there have been reports of miRNA differences in poor responders [66] and other genes' expression in cumulus cells from obese women [67, 68] ; the possibility of mural vs. cumulus differences is on the list for further study.
Summary-The human ovarian follicle, represented by post-ovulatory luteinized granulosa cells, expresses all known members of the sirtuin family of genes. We have proposed a feedback mechanism related to the presence of inflammation/reactive oxygen species/aging that drives expression of sirtuins as a defensive/protective mechanism. SIRT6 and SIRT7 functions include regulation of DNA-repair mechanisms [43, 44, 50, 69] . The overexpression of SIRT6 and SIRT7 in the PR group of patients might be indicative of the role of these sirtuins in an attempt to repair accumulated damage to DNA caused by a deficient response to cellular genotoxic stress [45, 69] . However, in NOF and ≥40 yo, the expression levels of these sirtuins do not differ from those observed in younger women (OD) ( Table 2 ). This suggests that in PR the DNA damage is mainly due to genomic instability and not affected by aging [54] . In the case of patients suffering from EM or PCOS, the slight increase expression of SIRT7 gene observed may be an effect of incorrect balance between redox response mechanisms and the higher oxidative stress described for these pathologies.
The diverse expression patterns of sirtuins among groups reveals not only a clinical, diagnosis-specific profile, but also an age dependent feature. Figure 4 presents a scheme of alterations and proposed compensatory responses by sirtuin expression in aging and in environmental and metabolic circumstances reflecting pathological and physiological conditions. the slight increase expression of SIRT7 gene observed may be an effect of incorrect balance between redox response mechanisms and the higher oxidative stress described for these pathologies.
The diverse expression patterns of sirtuins among groups reveals not only a clinical, diagnosisspecific profile, but also an age dependent feature. Figure 4 presents a scheme of alterations and proposed compensatory responses by sirtuin expression in aging and in environmental and metabolic circumstances reflecting pathological and physiological conditions. . It is possible that this equilibrium favors OS during pre-menopausal aging (B). In that case, OSR are not sufficient to protect cells from OS actions and SIRT1, SIRT2 and SIRT5 gene expression increase would be required to recover homeostasis. Failing this response, women poor responders show a different sirtuin pattern (C). In this group, women between 25 to 38 years old have an imbalance between OS and OSR similar to older NOF women. Cellular attempts to reach homeostasis by increasing SIRT1, SIRT2 and SIRT5 gene expression are insufficient and it is necessary activate protein, lipid and DNA repair mechanisms and others sirtuins' expression. Despite the fact that SIRT6 and SIRT7 gene expression increase, cells cannot response to signaling and homeostasis cannot be recovered, leading to a clinically poor response to follicle stimulation. According to our studies, NOF women between 18 to 38 years old may avoid OS damage by OSR, triggering a normal signaling response and maintaining an equilibrated OS/OSR status (A). It is possible that this equilibrium favors OS during pre-menopausal aging (B). In that case, OSR are not sufficient to protect cells from OS actions and SIRT1, SIRT2 and SIRT5 gene expression increase would be required to recover homeostasis. Failing this response, women poor responders show a different sirtuin pattern (C). In this group, women between 25 to 38 years old have an imbalance between OS and OSR similar to older NOF women. Cellular attempts to reach homeostasis by increasing SIRT1, SIRT2 and SIRT5 gene expression are insufficient and it is necessary activate protein, lipid and DNA repair mechanisms and others sirtuins' expression. Despite the fact that SIRT6 and SIRT7 gene expression increase, cells cannot response to signaling and homeostasis cannot be recovered, leading to a clinically poor response to follicle stimulation.
Materials and Methods
Patients
Under a protocol approved by the Ethics Committee of the Universidad de La Laguna, women undergoing ovulation induction for oocyte donation or IVF consented to join this study. Upon reaching the target follicle sizes and receiving 250 µg of hCG, the harvesting of oocytes was by standard methods, see below. After removal of the oocyte from the petri dish, the accompanying mural granulosa-lutein cells were set aside for evaluation, see below. Clinical information included the doses of exogenous follicle stimulating hormone (FSH) and luteinizing hormone (LH) administered, and IVF parameters related to ovarian response to ovulation induction (number of total and mature oocytes retrieved, estradiol concentration on the last day of stimulation, and total number of days of stimulation).
Study 1: Women with No Ovarian Factor
Fifty-six women between 18 and 44 years of age (yo) with no ovarian factor were grouped as: women between 27 and 39 yo with tubal or male factor and no ovarian factor (NOF; n = 24); women ≥40 yo with tubal or male factor and no ovarian factor (≥40 yo; n = 15); and oocyte donors between 18 and 27 yo (OD, n = 17).
Study 2: Women with Different Infertility Diagnosis Compared to NOF
Seventy-four patients were grouped as being between 27 and 39 yo with tubal or male factor and no ovarian factor (NOF; n = 24); women <40 yo defined as poor responders according to the European Society of Human Reproduction and Embryology (ESHRE) criteria [52] (PRs; n = 16); women with American Society for Reproductive Medicine (ASRM) [70] stages III and IV endometriosis, with histologic diagnosis (EM; n = 18); polycystic ovarian syndrome (PCOS; n = 16) was defined according to the Rotterdam criteria [71] . Patient demographics and the most relevant clinical characteristics of these sub-groups are shown in Table 1 .
Ovulation Induction and Intracytoplasmic Sperm Injection (ICSI)
Ovarian stimulation was carried out with an agonist or antagonist protocol using recombinant FSH (Gonal F, Serono, Madrid, Spain), combined with recombinant LH (Luveris, Serono, Madrid, Spain) or human menopausal gonadotropins (hMG,Lepori; Farma-Lepori, Madrid, Spain or Menopur, Ferring, Madrid, Spain). Initial doses were chosen based on patients' age and infertility diagnosis. Ovulation induction was monitored by serial ultrasounds and serum estradiol and progesterone levels. Doses were adjusted to the individual patient's response. Ultrasound-guided egg retrieval was performed 36 h after administration of 250 µg of recombinant human chorionic gonadotropin (hCG; Serono, Madrid, Spain) or 10,000 IU of urinary hCG (Farma-Lepori, Madrid, Spain). In all cases, the fertilization method for the mature oocytes retrieved was intracytoplasmic sperm injection. Embryo transfer was carried out with a Wallace catheter under ultrasound guidance. All retrievals were performed by the same experienced operator.
Isolation of hGL Cells
Mural hGL cells were collected from follicular fluid (FF) obtained during ultrasound-guided transvaginal oocyte retrieval. After removal of the oocyte, FFs from each patient were pooled, and the hGL cells lightly centrifuged. Cells were then washed in "isolation medium" (Medium 199 (Sigma-Aldrich, Missouri, MI, USA), supplemented with sodium bicarbonate (3.7 g/L) (Sigma-Aldrich), penicillin (59 mg/L) (Sigma-Aldrich), streptomycin (100 mg/L) (Sigma-Aldrich), amphotericin B (25 mg/L) (Sigma-Aldrich), L-glutamine (0.29 g/L) (Sigma-Aldrich), and bovine serum albumin (0.1%) (Sigma-Aldrich) and separated from red blood cells using a 50% Percoll (Sigma-Aldrich) gradient. Leukocytes were removed using anti-CD45-coated magnetic beads (Dynabeads M-450 CD45; Dynal ASA, Oslo, Norway) and cellular viability was confirmed by trypan blue exclusion. In all cases, it was greater than 95%.
Extraction of RNA
Total RNA from individual patients was extracted using Aurum total RNA mini kit (Bio-Rad Laboratories, California, CA, USA) following the manufacturer's instructions.
Synthesis of Complementary DNA
RNA was reverse transcribed using "iScript cDNA Synthesis kit" (Bio-Rad Laboratories) following the manufacturer's instructions. Total RNA was reverse transcribed in 20 µL as follows: 25 • C for 5 min and 42 • C for 30 min. The reverse transcriptase was inactivated by heating at 85 • C for 5 min.
Quantitative Reverse Transcription Polymerase Chain Reaction
Quantitative reverse transcription polymerase chain reaction of complementary DNA (PCR) was employed to study the relative expression of sirtuin genes in hGL cells. All PCR was carried out using a BioRad CFX96 real-time PCR system (Bio-Rad Laboratories). The specific primers used for each sirtuin gene and the housekeeping β-actin gene used as a reference for mRNA quantification are listed in Table 3 . The amplification reactions were performed in a 10 µL final volume containing 2× SsoFast EvaGreen Supermix (100 mmol/L KCl, 40 mmol/L Tris-HCl pH 8.4, 0.4 mmol/L of each nucleoside triphosphate, iTaq DNA polymerase 50 U/mL, 6 mmol/L MgCl2, SYBR Green I, 20 nmol/L fluorescein, and stabilizers (Bio-Rad Laboratories) and 0.4 µmol/L of each primer. Each sample was analyzed in triplicate, and multiple water blanks were included in the analysis. The thermal profile used for the analysis was as follows: after a 3-min denaturation at 95 • C, 40 cycles of PCR were performed at 95 • C for 5 s and 59 • C for 5 s. Finally, a melting curve program at 65 • C to 95 • C was carried out with a heating rate of 0.1 • C/s and read every 0.5 • C. Expression levels of the genes studied are presented as individual data points as 2 −∆CT [72] . Gene expression values are expressed as x105 relative to β-actin expression.
Statistical Analysis
Statistical analysis was performed with SPSS 23 software (IBM, New York, NY, USA). Descriptive statistics (mean and standard error (SE) are reported. One-way ANOVA followed by Tukey and Bonferroni post hoc tests were used to carry out comparisons between diagnostic groups. A Spearman rank correlation coefficient was used to assess the relationship between continuous variables. An experiment-wise α of 0.05 was chosen. 
